Parkinson's disease (PD) is the second leading neurodegenerative disease, and is known to be induced by environmental factors or genetic mutations. Among the verified genetic mutations of PD, Parkin, isolated from the PARK2 locus, shows an autosomal recessive inheritance pattern and is known to be an E3 ligase. However, the physiological target of Parkin and the molecular mechanism of Parkin-deficiency-induced PD have not been clearly demonstrated until now. It has recently been proposed that inflammation, suggesting as a causal factor for PD, is enhanced by Parkin deficiency. Thus, we examined the relationship between inflammation-related factors and Parkin. Here, we provide the evidence that Parkin suppresses inflammation and cytokine-induced cell death by promoting the proteasomal degradation of TRAF2/6 (TNF-a receptor-associated factor 2/6). Overexpression of Parkin can reduce the half-lives of TRAF2 and TRAF6, whereas si-Parkin can extend them. However, mutant Parkins did not alter the expression of TRAF2/6. Thus, loss of Parkin enhances sensitivity to TNF-a-or IL-1b-induced JNK activation and NF-kB activation. Indeed, si-Parkin-induced apoptosis is suppressed by the knockdown of TRAF6 or TRAF2. We also observed elevated expression levels of TRAF6 and a reduction of IkB in an 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced PD mouse model. Moreover, elevated expression levels or aggregation of TRAF6 were detected in approximately half of the human PD tissues (7/15 cases) and 2 cases, respectively. In addition, TRAF6 and Parkin expression levels show a reverse relationship in human PD tissues. Our results strongly suggest that the reduction of Parkin or overexpression of TRAF2/6 by chronic inflammation would be the reason for occurrence of PD.
Parkinson's disease (PD) is a leading neurodegenerative movement disorder, and it is caused by the elimination of dopaminergic neurons in the substantia nigra (SN). 1 Slow movement, resting tremors, postural instability, and muscle rigidity are well-known clinical symptoms of PD. 2 Because the incidence of PD increases in an age-dependent manner, accumulated damages are also suggested as the reason of PD. 3 In addition, chronic inflammation has been suggested as a risk factor of PD, similar to other neurodegenerative diseases, including Alzheimer's disease and amyotrophic lateral sclerosis. 4, 5 However, neither detailed molecular relevance nor a mechanism connecting inflammation and neurodegenerative diseases have been clearly demonstrated until now. With respect to the molecular pathological features of PD, the Lewy body (LB), which is mainly composed of a-synuclein, has been proposed as a molecular marker and causal alteration of PD. 3, 6 However, it is not clear that LB is a causal factor of PD or the result of PD. Moreover, some subtypes of PD, such as Parkin-deficient juvenile-type PD, do not show the LB, 7, 8 suggesting that LB may not be responsible for all types of PD.
Through genetic studies, putative genetic loci have been proposed and Parkin has been isolated from the PARK2 locus. 2, 9 In contrast to other PD-related genes, such as a-synuclein or LRRK2, loss of Parkin function is related to the occurrence of PD. 2, 7, 9 However, patients whose PD is induced by Parkin deficiency do not show the LB, indicating that the, loss of functional Parkin does not promote the formation of LB despite the activity of E3 ligase. 9 The results of intensive studies to verify the target of the Parkin E3 ligase have suggested several protein targets for Parkin, including CDCrel-1, Pael-R, AIMP2, etc. [10] [11] [12] However, these target proteins did not provide a sufficient explanation for Parkin-deficiency-induced neuronal cell death. Thus, the physio-pathological target of Parkin has been unknown until now. Recently, based on the frequent deletion or mutation in human colon cancer, Parkin has been suggested as a haploinsufficient tumor suppressor gene. 13, 14 As chronic inflammation is tightly related with colon cancer as well as PD, 15, 16 we examined the biological role of Parkin in the cytokine-induced inflammation response.
In this study, we reveal that Parkin promotes the proteasomal degradation of TRAF2/6 and protects inflammatory signaling. Indeed, Parkin expression is inversely related to TRAF6 expression. Moreover, mutant Parkin promotes TRAF6 aggregation in the cytosol. These results strongly suggest that TRAF2/6 is a physiological target of Parkin, and they provide an explanation for why loss of Parkin is detected in neurodegenerative diseases and cancer.
MATERIALS AND METHODS Cell Lines and Reagents
The cell lines used in this study were maintained in RPMI-1640 (HCT116, DLD-1) and DMEM (293, SH-SY5Y, and N2A) supplied with 10% FBS in a 37 1C humidity chamber. Parkin-deficient lymphocytes were provided by the Coriell Institute for Medical Research. Antibodies against p-JNK, TRAF2, and Lamin were obtained from Cell Signaling (Cell Signaling Technology, Beverly, MA, USA). Antibodies for Parkin, GST, actin, ubiquitin, and TRAF6 were supplied by Santa Cruz Biotech (CA, USA). TNF-a and IL-1b were obtained from Peprotech. N-acetyl-cysteine (NAC) was purchased from Sigma (Sigma-Aldrich, St Louis, MO, USA). The luciferase assay kit was provided by Promega. Other general chemicals were obtained from Sigma (Sigma-Aldrich). To measure the NF-kB activity and translocation, SH-SY5Y cells were transfected with wild-type Parkin or si-parkin. After 24 h of incubation, the cells were treated with 10 mM NAC 1 h before the treatment of cytokines in serumfree media. For western blot, NAC was treated in the cells with IL-1b or TNF-a.
Vectors and Transfection
Mammalian expression vectors (Parkin, TRAF6 and mutant Parkin) were obtained from Addgene. The NF-kB luciferase vector was kindly provided by Chung HY (Pusan National Univ). The construct used for si-RNA against Parkin was generated as previously described. 9 The transfections were performed following the manufacturer's protocol. In brief, 1.5 mg of plasmid was mixed with 3 ml of Jetpei reagent (Polyfect) in a 150 mM NaCl solution. After 30 min incubation, the mixture was added to a monolayer of cells. After 3 h of incubation in serum-free conditions, the medium was replaced with complete medium. After 24 h, the cells were treated with TNF-a or IL-1b or harvested for experiments. To obtain the Parkin stable knock-out cell lines, sh-parkin was transfected with SHSY-5Y cells. Multiple constructs of PARK2 shRNA lentivial plasmids were purchased from Sigma. Multiple constructs to stably knockout Parkin gene was used following shRNA sequence: 3 0 UTR,
Construction of TRAF6 Mutant
To construct the Traf6 alleles K91R, K96R, and K104R, a fragment of pGEX-TEV-Traf6 consisting of residues 50-159 was amplified by overlapping PCR using a common forward primer (5 0 -GGGGAATTCTAATGAGTCTCTTAAACTGTGA G-3 0 ) and common reverse primer (5 0 -GGGAAGCTTCTACA CCCCCGCATCAGTACTTCG-3 0 ). We also used forward mutation primers K91R-5 0 -GCGGCCATAGGTTCTGCAGA GCCTGCATC-3 0 , K96R-5 0 -AGGTTCTGCAAAGCCTGCATC ATAAGATCAATAAGGGATG-3 0 , and K104R-5 0 -AAGGGATG CAGGTCACAGATGTCCAGTTGACAATG-3 0 , and reverse mutation primers K91R-5 0 -GATGCAGGCTCTGCAGAACC TATGGCCGC-3 0 , K96R-5 0 -CATCCCTTATTGATCTTATGAT GCAGGCTTTGCAGAACCT-3 0 , and K104R-5 0 -CATTGTCA ACTGGACATCTGTGACCTGCATCCCTT-3 0 . The PCR products were inserted into the EcoRI and HindIII sites of the pGEX-TEV vector, respectively. The ligated vectors were transformed into XL-1 blue cells. Nucleotide sequencing was performed after plasmid preparation.
Protein Expression and Purification
Mutant TRAF6 proteins were expressed from E. coli BL21 cells (DE3) in 500 ml LB medium containing ampicillin (50 mg/ml) at 37 1C until the OD 600 reached 0.6-0.8. Protein expression was induced with 0.5 mM isopropyl-b-D-1-thiogalactopyranoside (IPTG) at 30 1C. After induction for 4 h, the cells were harvested by centrifugation at 5000 r.p.m. for 10 min at 4 1C. The harvested cells were disrupted by sonication in a lysis buffer consisting of 20 mM Tris, pH 8.0, 150 mM NaCl, and 2 mM b-mercaptoethanol. The soluble lysate was centrifuged at 13 000 r.p.m. for 30 min to remove any insoluble materials. The supernatant was mixed with a glutathione affinity resin that had been pre-incubated with lysis buffer, and the mixture was then stirred for 1 h at 4 1C. After the slurry was loaded onto the column, unbound proteins were washed off with lysis buffer.
MTT Assay
To measure cell viability, cells were transfected with either vectors or si-RNA for 24 h. After washing, cells were incubated with CHX for 4 h and TNF-a or IL-1b was added. For the MTT assay, cells were incubated with 0.5 mg/ml of MTT solution for 4 h at 37 1C. After the excess solution was removed, the precipitated materials were dissolved in 200 ml DMSO and quantified by measuring their absorbance at 540 nm.
Analysis of Protein Half-Life
To measure the half-life of TRAF2 and TRAF6, cells were transfected with Parkin or si-Parkin for 24 h. After the media was replaced, the cells were incubated with CHX to block de novo protein synthesis. After harvest, expression levels of TRAF2 and TRAF6 were determined by western blot analysis. More detailed protocols are available in our previous publication. 17 Western Blot Analysis and GST-Pull Down Assay To monitor the expression of proteins and in vitro binding, we performed the general western blot and GST-pull down assays. 18 
Luciferase Assay
To address NF-kB activity, an NF-kB-luc vector was transfected into 293 cells for 24 h. After washing, cells were stimulated by TNF-a or IL-1b for 4 h. After washing with wash buffer (Promega), cells were lysed with lysis buffer. The luciferase activity was determined using luminometer measurements.
Immunofluorescence Staining
The 293 cells were transfected with a Parkin or si-Parkin vector for 24 h and fixed with 100% Me-OH. After blocking in PBS containing 1% BSA for 2 h, the cells were incubated overnight with a TRAF6 (1:100) or Parkin (HA) antibody. TRAF6 was visualized with a FITC-conjugated secondary antibody and Parkin with a rhodamine antibody. DAPI was used for DNA staining.
Ubiquitination Analysis
The 293 cells were transfected with wild-type, mutant Parkin or si-Parkin for 24 h. After cells were washed, they were treated with ALLN for 3 h to block protein degradation. The cells were harvested, and the cell lysate was incubated sequentially with a TRAF2 antibody and protein A/G agarose beads for 2 h. After precipitation by centrifugation, the precipitated materials were subjected to WB analysis with an anti-Ub antibody. To determine the Ub-conjugated site on TRAF6, we generated three types of GST-fused mutant TRAF6-N-terminal proteins (K91R, K96R, and K104R). Recombinant proteins were incubated with Parkin and HA-Ub-transfected 293 cell lysates for 1 h. After washing, Ub-conjugated TRAF6 was analyzed by WB.
Mouse Brain Tissue Staining
For double-labeling IHC, the sections were blocked with TBS/0.1% Triton X-100/3% goat serum (Gibco, Grand Island, NY, USA) and incubated with primary antibodies against TRAF6 (mouse monoclonal, 1:100) and the astrocyte marker GFAP (rabbit polyclonal, 1:500, Sigma-Aldrich) at 41C overnight. The brain sections were then washed with TBS and incubated for 3 h in the presence of anti-mouse IgG labeled with Alexa Fluor-568 and anti-rabbit IgG labeled with Alexa Fluor-488. Images were acquired using an FV10i FLUOVIEW Confocal Microscope (Olympus, Tokyo).
Human Tissue Analysis
Human PD and normal tissues were obtained from the Victorian Brain Bank network as paraffin sections. After a de-paraffining procedure using Xylene-Ethanol gradients, the tissues were incubated with TRAF6 or Parkin Antibodies (1:100) overnight. After the tissues were washed twice with PBS, HRP-conjugated anti-mouse antibody was added. After a 4 h reaction, washed slides were reacted with a DAB solution (Vector) for 5 min. After washing and counterstaining with hematoxylin, the slides were mounted.
Animals and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) Injection ICR mice were used for this study. A control (PBS-injected) and an MPTP-treated group were each made up of seven mice. The animals were maintained in a temperaturecontrolled room under a 12:12-h light/dark cycle with ad libitum access to food and water for 1 week before the experiment. The mice were injected intraperitoneally (i.p.) five times with 30 mg/kg/day MPTP-HCl or the corresponding volume of saline.
Statistical Analysis
To obtain the statistical significance, we performed the Student's t-test.
RNA Isolation and RT-PCR
For RT-PCR, total cellular RNA was extracted using a Qiagen RNA extraction kit. After measurement of the RNA concentration, 1 mg of total RNA was reverse transcribed to cDNA using MMLV-RT (Invitrogen) and random hexamers. Parkin Suppresses TRAF2/6 Expression As TRAF2 and TRAF6 are essential mediators of cytokine signaling and can regulate JNK and NF-kB signaling, 25 we assumed that Parkin would be related with TRAF2/6 pathway. In addition, deregulation of TRAF2-NF-kB signaling can promote tumor formation. 26 To test our hypothesis, we measured the expression of TRAF2 and TRAF6 in Parkin-or si-Parkin-transfected cells, and we observed that the levels of both TRAF proteins were reduced by Parkin and slightly increased by si-Parkin in 293 and SH-SY5Y cells (Figure 2a Figure S4E ). Although Parkin was able to associate with TRAF6 and AIMP2/p38, ubiquitination occurred more in TRAF6 than in AIMP2 (Figure 2f) . 12 In addition, TRAF6-induced NF-kB transcriptional activity was completely blocked by Parkin transfection (Figure 2g ). In contrast, si-Parkin-induced NF-kB activity was blocked by the knockdown of TRAF6 (Figure 2h ).
Direct Interaction of Parkin and TRAF2/6
Because TRAF2/6 seem to be targets of the Parkin E3 ligase, we checked the interactions between Parkin and TRAF2/6 using IP. Our results indicated that both proteins could interact with Parkin ( Figure 3a and Supplementary Figure S4F ). To identify the binding domain of Parkin, we performed a GST pulldown assay using Parkin fragments and found that the 141-237 region is responsible for the association with TRAF6 ( Figure 3b ). Because this region contains an IBR domain, 12 we speculated that the IBR domain might be responsible for binding with TRAF2/6. Although the region from 385-416 was not covered by these fragments, this region also does not contain the functional domain. Thus, binding through the IBR domain seems to be plausible. To confirm this binding, we performed the GST pull down again, this time using recombinant TRAF6. As expected, the recombinant TRAF6 could also associate with Parkin (Supplementary Material, Supplementary Figure S4G ). Using recombinant TRAF6 fragments, we determined that the N-terminal domain (RING domain) was responsible for binding to Parkin (Figure 3c ). Next, we performed a ubiquitination assay to determine which domain is modified by Parkin. With this analysis, we confirmed that the N-terminal region of TRAF6 was modified by Parkin (Figure 3d ). To confirm the direct interaction between Parkin and TRAF6, we performed the GST-pull down again using recombinant proteins and obtained the same result as when N-terminal TRAF6 was directly interacted with Parkin 141-416 region (Supplementary Material, Supplementary Figure S4H ). To determine which specific residue on TRAF6 is ubiquitinated by Parkin, we generated 3-point mutant proteins. Because it has been reported that lysyl residues in the TRAF6 RING domain can be ubiquitinated, 27 we replaced the lysyl residues in the RING domain with arginine (K91R, K96R, and K104R; Figure 3e ). Although these residues can be auto-ubiquitinated, 27 Parkin did not ubiquitinate two of these mutants (K91R and K96R; Figure 3e ). To confirm the importance of ubiquitination of the K91 residue on the half-life of the TRAF6 protein, we delivered the recombinant proteins into EV-or Parkin-transfected cells and measured the protein stability. Compared with WT-TRAF6, K91R-TRAF6 showed resistance to Parkin-induced TRAF6 suppression (Figure 3f ).
In addition, addition of a proteasome inhibitor blocked the reduction of WT-TRAF6 in Parkin-transfected cells (Figure 3f ), indicating that ubiquitination of the K91 residue (and perhaps also the K96 residue) is critical for Parkininduced TRAF6 degradation.
Parkin Mutants do not Degrade TRAF2/6
To address the involvement of Parkin's E3 ligase activity on TRAF2/6 regulation, we next monitored the effect of mutant forms of Parkin (R42P and T240R) on TRAF2/6 expression. These mutants did not suppress the expression of TRAF2/6 ( Figure 4a ). In addition, mutant Parkin did not shorten the half-life of TRAF2/6 ( Figure 4b ). We also measured the NF-kB Luc-activity and found that Parkin mutants did not suppress NF-kB activity ( Figure 4c ). Next, we examined the interaction between the Parkin mutants and TRAF2/6 and monitored the ubiquitination of TRAF2/6 by mutant Parkin.
To determine whether mutant forms of Parkin could interact with TRAF2/6, we re-performed the IP assay. Although these mutants possess the ability to bind with TRAF2/6 Supplementary Material, (Supplementary Figure S5A and B), they did not promote the ubiquitination of TRAF2 and TRAF6 (Figure 4d and e). This result is consistent with our previous finding that mutant Parkin did not reduce TRAF2/6 expression ( Figure 4a and b) . To confirm this, we investigated the exogenous protein stability. Exogenously delivered GST-TRAF6 was able to be retained in mutant Parkintransfected cells (Figure 4f and Supplementary Material, Supplementary Figure S5C ). In addition, mutant Parkin did not block the TNF-a induced NF-kB activation (Figure 4g ). These results strongly suggest that TRAF2/6 are targets of the Parkin E3 ligase and that elevated expression or enforced TRAF2/6 signaling could be a cause of PD.
Parkin Protects Against Cytokine-Induced Cell Death
Because PD is evoked by cell death in the SN, 1,2 we examined the effect of Parkin on cell death. Overexpression of Parkin suppressed TNF-a-induced cell death (Figure 5a ), whereas si-Parkin reduced cell viability (Figure 5b ). Moreover, elimination of TRAF2 or TRAF6 blocked the si-Parkininduced cell death (Figure 5c ; Supplementary Material, Supplementary Figure S6A) . In neuronal cells, we obtained a similar result in that si-Parkin-mediated cell death was rescued by si-TRAF6 (Figure 5d ). To confirm this finding and to determine whether the reduction of cell viability was achieved by apoptosis, we monitored the release of cytochrome c in SH-SY5Y cells. The si-Parkin-induced cytochrome c release was completely blocked by si-TRAF6 (Figure 5e and f). We also observed a similar effect of si-TRAF6 on IL-1b-induced apoptosis (Figure 5f and Supplementary Material, Supplementary Figure S6B ).
Increase of TRAF6 in MPTP-Induced PD Mouse Model
To further examine the physiological relevance between TRAF6 and PD, we generated a mouse PD model using MPTP-injected mice. 28 It has been confirmed that MPTP induces the loss of tyrosine hydroxylase-positive neurons in the SN (Figure 6a and Supplementary Figure S7A ). In addition, the rotarod performance test showed that MPTP injection led to the impairment of movement ability (Supplementary Material, Supplementary Figure S7B) . In this experiment, we were able to observe the induction of TRAF6 in MPTP-treated neurons from two independent experiments (Figure 6b . We speculate that these instances could result from Parkin mutation, as mutant Parkin can interact with TRAF2/6 but cannot eliminate it. To confirm this speculation, we examined the expression pattern of TRAF6 by Parkin transfection and found that Parkin mutants could induce TRAF6 aggregation in the cytosol as observed in the IHC of human tissues (Figure 7b ). Although we could not perform a mutation analysis using these samples, it is plausible that these tissues may contain Parkin mutations.
DISCUSSION
Because PD is induced by neural apoptosis, Parkin, which is deleted in juvenile types of Parkinson disease, 2 seems to block this cell death and is therefore called an anti-apoptotic gene. However, deletion of Parkin has also been reported in human cancer tissues. 13, 14 These findings are inconsistent with our first premise. To resolve these conflicting data, we proposed the hypothesis that Parkin would be linked to inflammation, which can promote cell death and can also induce cancer. Indeed, chronic inflammation in the colon or epithelial tissues can promote the formation of cancer. In contrast, inflammation in the brain or the CNS can induce tissue damage and neuronal cell death. 21 In this study, we showed that Parkin can suppress cytokine-induced JNK activation and NF-kB signaling (Figure 1 ). Considering the fact that loss of CYLD induces tumors by deregulation of TRAF2-NF-kB signaling, 26 loss of Parkin may also promote tumor formation. In addition, we showed that TRAF2 and 6 are direct targets of Parkin. Parkin can interact with TRAF2/6 and promote their ubiquitination (Figure 2 ). Although many types of proteins are proposed as targets or binding partners of Parkin, 2 they do not fully explain the phenotype of Parkinrelated PD and the relationship with cancer. However, TRAF2/6 are linked to inflammation, which is critical for cell death and cancer. Thus, Parkin-mediated TRAF2/6 suppression may explain Parkin's relationship with PD and cancer.
We also provide evidence for the relevance of TRAF2/6 in the loss of Parkin-induced cell death. Elimination of TRAF2/ 6 can block the cytokine-induced neuronal cell apoptosis, which is enhanced by Parkin knockdown (Figure 4) . Indeed, we found elevated expression of TRAF2/6 in human PD tissues ( Figure 7 ) and in our MPTP-induced mouse PD model ( Figure 6 ). In addition, we revealed that mutant Parkin did not promote the degradation of TRAF2/6 but did induce TRAF6 aggregation in the cytosol (Figure 7b ). These results strongly suggest that TRAF2/6 is a physiological target of the Parkin E3 ligase.
Our results show that the E3 ligase Parkin can suppress TRAF2/6 signaling, which induces chronic inflammation through NF-kB activation and apoptosis via the JNK/stress signaling pathway (Figure 8 ). This function explains frequent Parkin mutations found in human cancers. 13, 14 Because cancer cells originate from replaceable epithelial cells, chronic inflammation can trigger cell proliferation, which will contribute to the progression of the cancer. Thus, Parkindeficient cells will be more sensitive to inflammation. In contrast, neuronal cells cannot be regenerated by stem cells. Thus, chronic inflammation may induce continuous cell loss, which will induce neurodegenerative diseases such as PD. The prevention of inflammation or reduction of TRAF2/6-mediated signaling in neuronal cells could be a putative therapeutic strategy.
